The investigation of unique chemical phenotypes has led to the discovery of enzymes with interesting behaviors that allow us to explore unusual function. The organofluorine-producing microbe Streptomyces cattleya has evolved a fluoroacetyl-CoA thioesterase (FlK) that demonstrates a surprisingly high level of discrimination for a single fluorine substituent on its substrate compared with the cellularly abundant hydrogen analog, acetyl-CoA. In this report, we show that the high selectivity of FlK is achieved through catalysis rather than molecular recognition, where deprotonation at the C α position to form a putative ketene intermediate only occurs on the fluorinated substrate, thereby accelerating the rate of hydrolysis 10 4 -fold compared with the nonfluorinated congener. These studies provide insight into mechanisms of catalytic selectivity in a native system where the existence of two reaction pathways determines substrate rather than product selection.
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enzyme mechanism | substrate selectivity L iving organisms have solved some of the most difficult challenges in catalysis by harnessing the exquisite selectivity and reactivity of enzyme active sites to build complex chemical behaviors (1) (2) (3) (4) (5) . Indeed, the plasticity of enzymes toward evolution of new function has allowed life to flourish in diverse biospheres by conferring a selective advantage to hosts that can demonstrate catalytic innovation and use unusual resources. The enzymes that form the molecular basis for these chemical phenotypes are a rich source of molecular diversity and provide an experimental platform for the continual search to gain insight into the mechanisms and dynamics of protein and organismal evolution (6) (7) (8) (9) . One of the salient features of enzymes is their extremely high substrate selectivity, which allows them to choose the correct substrate over the thousands of other small molecules that are present in cells at any given time. Thus, the exploration of substrate specificity and its evolution is key for understanding both enzyme catalysis and the expansion of biodiversity at the molecular level (7) (8) (9) (10) (11) (12) .
In this context, a singular chemical trait found in the soil bacterium Streptomyces cattleya is its ability to catalyze the formation of carbon-fluorine bonds (13, 14) . Fluorine resides at one corner of the periodic table, and its unique elemental properties make it highly effective as a design element for drug discovery but also quite challenging for the synthesis of fluorinecontaining molecules (15) (16) (17) . Although fluorine has emerged as a common motif in synthetic compounds, including top-selling drugs such as atorvastatin and fluticasone, it has been underexploited in nature, and only a few biogenic organofluorine compounds (<20) have been identified to date despite the thousands of known natural products containing chlorine and bromine (∼5,000) (18, 19) . In fact, the only fully characterized organofluorine natural products are derived from a single pathway that produces the deceptively simple poison fluoroacetate (1). The high toxicity of fluoroacetate arises from its antimetabolite mode of action resulting from the substitution of one hydrogen in acetate (2) , an important cellular building block, with fluorine. As a consequence of this conservative structural change, fluoroacetate can still enter normal acetate metabolism via activation to fluoroacetyl-CoA (3) but then acts as a mechanism-based inhibitor of the tricarboxylic acid (TCA) cycle upon conversion to fluorocitrate (4) and elimination of fluoride at a critical point (20, 21) (Fig. 1A) .
The potency of fluoroacetate as a poison poses an especially difficult substrate selectivity problem at the cellular level for the host organism, where a single fluorine atom must be recognized very specifically over hydrogen to clear very low endogenous levels of toxic fluoroacetyl-CoA while simultaneously maintaining the high levels of acetyl-CoA (5) required for cell growth and survival. Consequently, there exists a natural selective pressure on S. cattleya to meet this challenge, and it has evolved a fluoroacetyl-CoA thioesterase (FlK) that catalyzes the breakdown of fluoroacetyl-CoA to prevent lethal synthesis of fluorocitrate (Fig. 1A ) (22) (23) (24) . We have recently shown that FlK demonstrates an extremely high, 10 6 -fold selectivity for hydrolysis of fluoroacetyl-CoA over acetyl-CoA based on a decrease in K m (10 2 ) and increase in k cat (10 4 ) for the fluorinated substrate (24). Although the K m of FlK with respect to fluoroacetyl-CoA (8 μM) is significantly lower than that for acetylCoA (2 mM), it is interesting to note that FlK likely operates near saturation for both substrates in vivo, given the high intracellular concentration of acetyl-CoA (25), with substrate selectivity governed by the rate of hydrolysis (k cat ) rather than substrate binding (K d ). We thus set out to explore the molecular origin of the catalytic selectivity of FlK with regard to fluorine and now report the existence of an unexpected C α -deprotonation pathway for enzymatic thioester hydrolysis, through a putative ketene intermediate, that serves as the basis for fluorine discrimination.
Results
Elucidating the Kinetic Basis for Fluorine Selectivity. The hydrolysis of thioesters typically involves direct attack of the nucleophile at the carbonyl group to form a tetrahedral intermediate, which subsequently collapses to produce the free carboxylic acid and thiol end products. The fluorine substitution itself activates the carbonyl moiety toward nucleophilic attack through inductive effects and provides a potential mechanism for discrimination between fluoroacetyl-and acetyl-CoA (SI Appendix, Fig. S1 ). However, the rate of chemical hydrolysis of fluoroacetyl-CoA at neutral pH is only 10-fold faster compared with acetyl-CoA, rather than 10 4 -fold, as occurs in the FlK active site (24). Even at pH >13, the largest difference in reactivity that we observe for chemical hydrolysis is 100-fold (SI Appendix, Fig. S2 ). These observations suggest that the large rate acceleration of FlK with respect to fluoroacetyl-CoA may originate from more than a simple increase in the electrophilicity of the carbonyl group upon fluorine substitution. To further probe the role of carbonyl activation in FlK substrate selectivity, we prepared a set of acyl-CoA analogs (3, (5) (6) (7) (8) (9) (10) (11) with different functional groups at the α position, thereby accessing a wide range of values of the polar substituent constant (σ*) that describes the activation of the acyl-CoA carbonyl group toward nucleophilic attack (26). By examining the relationship between σ* and the rate of reaction, this series of compounds can be used to assess the relative contribution of the α substituent toward acyl-CoA hydrolysis.
We found a linear relationship between σ* and the logarithm of the pseudo-first-order rate constant for chemical hydrolysis of the acyl-CoAs at neutral pH, implying that they share a common mechanism and transition state for the overall transformation under these conditions ( Fig. 1B and SI Appendix, Discussion). In comparison, the same plot for FlK-catalyzed acyl-CoA hydrolysis produces two intersecting lines, with the chlorinated and fluorinated substrates being hydrolyzed at rates faster than predicted by σ*, suggesting a change in transition-state structure, ratelimiting step, or chemical mechanism for halogenated substrates compared with nonhalogenated substrates (Fig. 1B and SI Appendix, Fig. S3 ). An alternative explanation for this difference in behavior is that FlK actually binds a different form of the fluoroacetyl-CoA substrate, which has higher potential to form a hydrate or enolate in aqueous solution compared with other less polarized acyl-CoAs such as acetyl-CoA (SI Appendix, Fig.  S1 ). However, NMR studies showed no evidence for formation of a hydrate or enolate of fluoroacetyl-CoA under these conditions within the limit of detection (SI Appendix, Fig. S1 ). From the Taft analysis and these control experiments, it appears that the fluorine-dependent selectivity of FlK could then be related to a change in the rate-determining step or catalytic mechanism of hydrolysis between the two substrates.
We began to explore the basis of this difference in reactivity by comparing the pre-steady-state kinetic behavior of FlK with respect to acetyl-CoA and fluoroacetyl-CoA. With acetyl-CoA, one equivalent of free CoA is formed in a burst phase (k 2 ) during the first turnover before the steady state is reached (k 3 = k cat ), which indicates that there is a slow step in the catalytic cycle subsequent to CoA formation (Fig. 1C) . A burst phase can result from rapid chemistry involved in the conversion of substrate to product followed by a rate-determining physical event, such as product release or some other conformational change required for catalysis (27). The steady-state rate constant (k cat ) following the burst would then correspond mainly to the rate of this physical event rather than a chemical step in the catalytic mechanism. However, burst phases are also often observed in cases where a conformational change is not rate-limiting and are derived instead from fast formation of an enzyme-bound intermediate before a rate-limiting catalytic step (28). With regard to FlK, hydrolases represent a canonical example of covalent catalysis where the burst phase is derived from rapid enzyme acylation by the substrate followed by slower enzyme deacylation as the ratedetermining step (29). Furthermore, recent studies of a 4-hydroxybenzoyl-CoA thioesterase (4-HBT) from the FlK superfamily have shown that CoA is formed in a burst with exchange of proteinderived oxygen into the carboxylic acid, which provides strong support for the formation of an enzyme anhydride on the activesite glutamate of the catalytic triad (30, 31).
To test for the intermediacy of an enzyme-anhydride in FlKcatalyzed hydrolysis of acetyl-CoA, we carried out trapping experiments with hydroxylamine. Nucleophilic attack of hydroxylamine on the putative enzyme anhydride could occur either at the substrate-derived or enzyme-derived carbonyl group to regenerate the native enzyme or convert the carboxylate side chain to a hydroxamate, respectively (SI Appendix, Fig. S4 ). Notably, no covalent modification of the enzyme is expected for hydroxylamine trapping of other types of acyl-enzyme intermediates, such as esters, because the electrophilic carbonyl group in these cases is derived from the substrate and the native enzyme is regenerated upon reaction with nucleophiles. Tandem mass spectrometry analysis of FlK after incubation with an excess of acetylCoA followed by rapid quenching with urea in the presence of hydroxylamine revealed a 15-Da modification on E50 corresponding to conversion of the glutamate side chain to a hydroxamate (SI Appendix, Fig. S4 ). In contrast, no modification was detected in a control sample in which FlK was treated with urea and hydroxylamine in the absence of acetyl-CoA (SI Appendix, Fig. S4 ).
Based on these results, we propose that the burst kinetics observed with acetyl-CoA result from the formation of a covalent acyl-enzyme intermediate on E50 concomitant with formation of free CoA (Fig. 1C) . Although anhydrides are high in energy, these acyl-enzyme intermediates have been previously documented in biological catalysis, including in thioesterases of both the hotdog-fold (30, 31) and crotonase (32) superfamiles. The burst rate for CoA formation (k 2 ) for FlK then describes the rate of enzyme acylation, which is followed by the rate-limiting step (k cat ) in the catalytic cycle (Fig. 1C) . The dependence of k cat on the electron-withdrawing ability of the α substituent but S4 ). We therefore interpret the steady-state rate of hydrolysis of acetyl-CoA (k cat = k 3 ) to represent a chemical step in FlK catalysis related to enzyme deacylation (Fig. 1C) . In comparison, FlK shows no evidence of burst kinetics with fluoroacetyl-CoA based on the fact that the linear fits for product formation at different enzyme concentrations all intersect the y axis at 0 (Fig. 1C and SI Appendix, Discussion). The sucrose independence of the rate of hydrolysis of fluoroacetylCoA (SI Appendix, Fig. S4 ) implies that a chemical step remains rate-limiting and our kinetic data are thus consistent with two mechanisms. One possibility is that fluoroacetyl-CoA hydrolysis does not involve an acyl-enzyme intermediate and therefore has a single kinetic phase. A second possibility is that enzyme acylation is the slow step in the catalytic cycle (k cat = k 2 ) and that the following steps are faster (k 3 > k 2 ). Although we were unable to observe hydroxylamine modification of FlK in trapping experiments in which fluoroacetyl-CoA was used as the substrate, we cannot rule out formation of an acyl-enzyme intermediate at this time. First, the single-phase kinetic behavior with respect to CoA formation suggests that the breakdown of any intermediate would be faster than its formation and prevent its accumulation for reaction with hydroxylamine. Additionally, the electron-withdrawing fluorine substituent may favor reaction of hydroxylamine at the substrate-derived carbonyl, which would mask the formation of an enzyme-anhydride. Although these two mechanistic possibilities cannot be distinguished at this point, the data are all consistent with a model in which fluorine selectivity arises from a change in the chemical mechanism or rate-limiting step of the reaction between acetyl-CoA and fluoroacetyl-CoA.
Identifying the Chemical Mechanism for Fluorine Selectivity in FlKCatalyzed Thioester Hydrolysis. We next turned our attention to using evolutionary relationships to gain insight into the chemical mechanisms of the different kinetic behaviors observed for each substrate. Interestingly, FlK appears at the sequence and structural levels to be a chimera of two hotdog-fold superfamilies-the 4-HBT thioesterases and the MaoC dehydratases ( Fig. 2A and SI Appendix, Discussion and Fig. S5) . At a structural level, FlK possesses a distinctive hydrophobic lid (SI Appendix, Fig. S5 ) that is not found in any of the other crystallographically characterized thioesterases but is shared with the dehydratase family (33). Moreover, the lid is functionally important in FlK for molecular recognition of fluorine via a gatekeeper residue (F36) (24), which is conserved among dehydratases even though it is unique compared with FlK's closest orthologs (SI Appendix, Fig. S5 ). However, FlK shares its catalytic dyad/triad (E50, H76, T42) and putative acyl-enzyme intermediate with the 4-HBT thioesterases. Despite its similarities to the 4-HBT thioesterases, the weaker oxyanion hole and key role of H76 in FlK hydrolysis are more reminiscent of the dehydratases, which use an active-site histidine to remove a proton at the α position of 3-hydroxyacyl-CoA substrates ( Fig. 2A) (33) . Thus, we reasoned that FlK might use a dehydratase-like mechanism for hydrolysis initiated by C α deprotonation of either the fluoroacetyl-CoA substrate or the acyl-enzyme intermediate to discriminate between fluoroacetylCoA and acetyl-CoA based on the lowered pK a of the protons on the fluorine-substituted carbon.
If a dehydratase-like mechanism were operative in direct deprotonation of the fluoroacetyl-CoA substrate, we would expect k cat to be sensitive to deuterium substitution on the α carbon. However, if C α deprotonation occurred on an acyl-enzyme intermediate instead, the intrinsic kinetic isotope effect (KIE) would be masked by the slower rate of enzyme acylation with the fluorinated substrate. In this scenario, we would only be able to observe an apparent KIE with labeled substrate if deuteration were to slow down C α deprotonation such that it becomes at least partially ratelimiting. To test for C α deprotonation, we prepared (Fig. 2B) . The magnitude of the KIE for fluoroacetyl-CoA hydrolysis is on the order of or larger than KIEs measured for other characterized enzymes that catalyze C α deprotonation (34, 35). In comparison, enzymes that carry out nucleophilic attack at a carbonyl moiety typically show an inverse isotope effect, if any, with similarly labeled substrates (36). To further confirm the ability of FlK to initiate C α deprotonation, we assayed the 3,3,3-trifluoropropionyl-CoA (14) observed rapid formation of one equivalent of CoA followed by elimination of one equivalent of fluoride, suggesting formation of an enolate or carbanion species (37) (SI Appendix, Fig. S6 ). Timedependent inactivation of the enzyme occurs on the same timescale as CoA formation, which is consistent with stoichiometric enzyme alkylation by the Michael acceptor produced in the active site after loss of fluoride (SI Appendix, Fig. S6 ). Taken together, these data support a model in which substrate selectivity is determined by the existence of a C α -deprotonation pathway that is only available to activated substrates (Fig. 3A) .
We further examined the pre-steady-state kinetic behavior of FlK with respect to the [ 2 H 2 ]fluoroacetyl-CoA substrate and observed a burst phase of CoA formation during the first turnover of the reaction (SI Appendix, Fig. S7 ). The onset of burst kinetics with the deuterated substrate suggests that isotopic substitution slows steps in the catalytic cycle subsequent to the formation of CoA and that C α deprotonation may occur on an intermediate rather than directly upon the fluoroacetylCoA substrate itself. Indeed, the absence of a primary D (V/K) isotope on fluoroacetyl-CoA hydrolysis, within error, is consistent with a model in which the isotopically sensitive step takes place after the first irreversible step, which would involve formation of free CoA. These behaviors are consistent with the observed KIE and potentially with the existence of a covalent intermediate with the fluorinated substrate. If deprotonation of the fluorinated substrate does occur subsequent to formation of an acyl-enzyme intermediate, then the intrinsic KIE for this step may be larger than the apparent KIE measured with
Another testable prediction from our model is that if H76 plays a general base role in FlK analogous to that in the dehydratases ( Fig. 2A) , selectivity for fluoroacetyl-CoA over acetyl-CoA should be lost when this residue is mutated because the pathway to C α deprotonation of the fluorinated substrate would be eliminated. Consequently, both substrates would react via the same mechanism of rate-limiting water attack at the substrate carbonyl, which we would observe experimentally as the disappearance of the KIE for fluoroacetyl-CoA hydrolysis. If an acyl-enzyme intermediate is formed with the fluorinated substrate, we would also expect to see burst kinetics with this mutant. Interestingly, our previous mutagenesis experiments showed that H76 is the most important residue in the catalytic triad and that mutation to alanine resulted in an unexpectedly large kinetic defect compared with other members of the hotdog thioesterase superfamily (24). The H76A mutant was assayed and confirmed to exhibit burst kinetics in the pre-steady-state with both substrates, which implies that an intermediate may also be formed with fluoroacetyl-CoA concomitant with CoA formation (Fig. 3B) . The insensitivity of k cat to the presence of sucrose suggests again that the observed burst behavior arises from a rate-limiting chemical step rather than a diffusion-controlled physical event (SI Appendix, Fig. S8 ). Strikingly, this mutant demonstrates no selectivity beyond what is expected from polarization for the fluorinated substrate over the nonfluorinated substrate in k cat or in the individual rate constants, k 2 and k 3 , indicating that the selectivity for fluorine is directly related to the role of H76. Moreover, the KIE observed with [ 2 H 2 ]fluoroacetyl-CoA is abolished in the H76A mutant, showing that H76 is directly involved in C α deprotonation (SI Appendix, Fig. S8 ). Taken together, these experiments highlight the importance of H76 and the C α -deprotonation pathway in controlling the fluorine specificity of FlK, which is conferred by catalytic selectivity of the enzyme that distinguishes between the two substrates.
Ketene Intermediate in Thioester Hydrolysis. In FlK-catalyzed hydrolysis of the fluorinated thioester, the most likely mechanism that accounts for the observed rapid rate of product formation following proton abstraction is the formation of a fluoroketene intermediate on FlK followed by rapid hydration (Fig. 3A) . Although unprecedented for enzymatic thioester hydrolysis of a physiological substrate, the utilization of a C α -deprotonation strategy by FlK is reminiscent of wellcharacterized chemical model systems with acidic α protons that are known to pass through a ketene intermediate (38, 39 ). These systems demonstrate a characteristic acceleration in the rate of thioester hydrolysis under conditions where the C α -deprotonation pathway is accessible, thereby outcompeting the rate of thioester hydrolysis by nucleophilic attack at the carbonyl group at high pH despite the increase in hydroxide concentration (38-40).
An alternative, but less probable, mechanism would require attack of water directly on the enolate or carbanion species (SI Appendix, Scheme S1), which is predicted to be slower than direct attack of water on the neutral enzyme-anhydride as observed for acetyl-CoA based on work in chemical model systems (41) (Fig.  3A ). This alternative mechanism seems unlikely to explain the observed rate acceleration for FlK deacylation because the presence of carbanion character would be expected to deactivate the carbonyl toward nucleophilic attack based on charge repulsion between the approaching nucleophile and the carbanion. Indeed, in chemical model systems involving breakdown of an enolate through a carbanion intermediate, the rate of reaction is one to two orders of magnitude slower than the expected rate of a ketenebased mechanism (41). The formation of a ketene during the FlK catalytic cycle is consistent with the lack of D 2 O wash-in at the α position of the fluoroacetate product (SI Appendix, Fig. S9 ), which may imply that hydration takes place more rapidly than proton exchange at H76, as well as with the order of magnitude slower rate of turnover of cyanoacetyl-CoA, which chemical model systems suggest is hydrolyzed via nucleophilic attack on the carbanion species (40, 41).
Discussion
Streptomyces cattleya is faced with an unusually difficult problem in substrate selectivity, where a single fluorine substituent must be recognized over hydrogen to detoxify low levels of endogenous fluoroacetyl-CoA while maintaining high concentrations of the cellular acetyl-CoA pool. The level of discrimination displayed by FlK is surprisingly high given the promiscuity of the other characterized members of the hotdog-fold thioesterase superfamily to which FlK belongs (42, 43) and the strong driving force for thioester hydrolysis (ΔG ∼ -8 kcal/mol) (44). In this work, we show that the major mode of FlK substrate selectivity is based not on molecular recognition of fluorine but instead on exploitation of a unique chemical mechanism that is accessible only to the fluorinated substrate.
The selectivity for fluorine displayed by FlK is conferred by the lowered pK a of the fluoracetyl-CoA α protons that allow access to an unexpected but kinetically advantageous C α -deprotonation pathway rather than the slower pathway provided by direct reaction at the carbonyl group, as is observed for acetyl-CoA. Although C α deprotonation itself is observed in many systems (34, 35, 45, 46), especially those involved in acyl-CoA metabolism (46), its use in initiating thioester hydrolysis of a native biological substrate is unprecedented. In this regard, the unusual reactivity of FlK allows us to explore the existence of a unique chemical species in enzyme catalysis because it strongly suggests a ketene intermediate in the FlK catalytic cycle based on similarities to related chemical model systems (38-40). Although precedence for ketene intermediates exists for enzymatic reactions with mechanism-based inhibitors or nonphysiological substrates (47-54), there is not yet any experimental evidence for their involvement in normal catalytic cycles despite their rich history in organic chemistry and the strong interest in their discovery in enzyme catalysis. For example, a ketene-based mechanism has been proposed in the catalytic cycle of glycine reductase, but it represents only one of several mechanistic possibilities that remain to be distinguished experimentally (55). FlK may therefore provide a key example of a physiological ketene intermediate derived from a native substrate in biological catalysis.
Our kinetic and biochemical data suggest that an enzymeanhydride intermediate is formed for the nonfluorinated substrate, which would be consistent with the observation of a similar anhydride intermediate for the 4-HBT thioesterases (30, 31). Although a simpler mechanistic possibility exists for the fluorinated substrate where C α deprotonation would occur directly on the fluoroacetyl-CoA substrate itself with concomitant formation of CoA, the burst-phase kinetics observed with [ 2 H 2 ]fluoroacetylCoA and the H76A mutant suggest that covalent catalysis is also used with the fluorinated substrate. The formation of an enzyme anhydride with the fluorinated substrate may be related to preserved evolutionary relationships with other thioesterases in the hotdog-fold superfamily but also would serve to provide a more activated leaving group to promote ketene formation.
In summary, FlK provides a unique platform to examine the evolution of substrate selectivity in a native system in which natural selection has been driven with respect to both substrates, which are estimated to be present simultaneously in the cell under saturating conditions. Although there are many examples of catalytic selectivity in enzyme superfamilies where a shared intermediate can partition between divergent downstream pathways (56, 57), FlK uses reaction partitioning to distinguish between substrates rather than to control product distribution. Indeed, the same overall transformation is catalyzed by FlK with both substrates even though two distinct reaction mechanisms occur within the same active site. Interestingly, control over reaction partitioning by the substrate is also reminiscent of the function of mechanism-based inhibitors, many of which contain fluorine themselves (58). However, these alternative substrates have been optimized by design (58) or evolution (59) to inactivate the target enzyme rather than providing a natural mechanism for exclusion of the incorrect substrate, as is observed for FlK. Taken together, FlK provides insight into the role of catalytic diversity for controlling substrate selectivity at the cellular level rather than in the evolution of new metabolic transformations.
Methods
Purification of FlK. FlK was purified as described previously (24). Protein was stored in single-use aliquots at −80°C in 20 mM Tris·HCl (pH 7.6), 50 mM NaCl, 10% (vol/vol) glycerol. (13) were synthesized by addition of the corresponding acyl anhydride to a solution of CoA hydrate and triethylamine in DMF (60). Reaction mixtures were quenched with water and lyophilized before purification by RP-HPLC (SI Appendix, Fig. S10 ).
Synthesis of
3,3,3-Trifluoropropionyl-CoA (14) was synthesized by adding the acyl chloride to a stirred solution of CoA trilithium salt and triethylamine in water. After a 1-min reaction time, the reaction mixture was purified by RP-HPLC (SI Appendix, Fig. S10 ).
Steady-State Kinetic Experiments. Steady-state kinetic experiments were performed in triplicate as described previously (24). Enzymatic reactions were initiated by addition of FlK (5 nM-10 μM). Taft plots were constructed by plotting log k uncat or log k cat versus the Taft polar substituent constant σ* for the α substituent of each acyl-CoA tested (26, 61). Error bars shown on the plot for uncatalyzed hydrolysis represent the SE for three measurements of the pseudo-first-order rate constants. Error bars shown on the plot for FlKcatalyzed hydrolysis are derived from the Michaelis-Menten fits of triplicate data sets.
Pre-Steady-State Kinetic Experiments. FlK (50-150 μM) was mixed with substrate (fluoroacetyl-CoA, 500 μM; acetyl-CoA, 6,000 μM) using a KinTek Chemical Quench Flow Model RQF-3. The reaction was stopped at various times by mixing with 50% (vol/vol) TFA to achieve 17% (vol/vol) final concentration. Quenched samples were analyzed by HPLC on an Agilent Eclipse XDB-C18 column (3.5 μm, 3.0 × 150 mm) using a linear gradient from 50 mM sodium phosphate, 0.1% TFA (pH 4.5) to methanol over 15 min at 0.6 mL/ min with detection of the CoA absorbance at 260 nm. 
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Catalytic control of enzymatic fluorine specificity Measurement of non-enzymatic hydrolysis rates. Non-enzymatic hydrolysis rates were measured by diluting either fluoroacetyl-CoA or acetyl-CoA into 1 mL water adjusted to the appropriate pH with either buffer (100 mM MES, pH 5.5; 100 mM MES, pH 6.5; 100 mM HEPES, pH 7.5; 100 mM CAPS, pH 10; 100 mM CAPS, pH 11) or sodium hydroxide (pH 12, The sequences, along with the sequences of FlK and its only known homolog with >60% sequence identity, were aligned using the PRALINE multiple sequence alignment server (8) , which incorporates information from PSI-BLAST pre-profile processing and PSIPRED secondary structure prediction. The alignment was manually adjusted where necessary to incorporate information from structural alignments. Using this alignment, a phylogenetic tree was constructed using the neighbor-joining method in MEGA 5 (9) . The bootstrap consensus tree S10 inferred from 500 replicates is taken to represent the evolutionary history of the 78 sequences (11) shows that the overall folds of the two enzymes are very similar, with a core rmsd of 1.7 Å. The alignment shows the presence of an 'overhanging segment' or lid that covers the active site and closes it off from solvent in both enzymes, although this feature had previously been considered to distinguish the MaoC family from other hot dog families (11) . In both enzymes, the lid is functionally important. In PhaJ, it encompasses the hydratase 2 motif that contains the catalytic Asp and His, while in FlK, the lid contains the Phe 33-Phe 36 gate, which closes the active site off from solvent and is involved in substrate affinity (1).
The active sites of PhaJ and FlK also share many key features. Both are mainly hydrophobic, with the exception of the catalytic residues, and both are able to accommodate short-chain acyl- A
